The distribution of catalase and super-
tolerant anaerobes, which survive exposure to air and metabolize oxygen to a limited extent but do not contain cytochrome systems, were found to be devoid of catalase activity but did exhibit superoxide dismutase activity. This distribution is consistent with the proposal that the prime physiological function of superoxide dismutase is protection of oxygen-metabolizing organisms against the potentially detrimental effects of the superoxide free radical, a biologically produced intermediate resulting from the univalent reduction of molecular oxygen.
Pasteur's discovery that certain organisms are not only capable of growing in oxygen-free environments, but in many cases are restricted to such environments, has never been satisfactorily explained. Obligately anaerobic organisms are strongly inhibited or killed by exposure to molecular oxygen (1) . The possible role of catalase in protecting aerobic microorganisms from death by hydrogen peroxide poisoning was rather quickly recognized. In 1893 Gottstein discovered that certain bacteria decomposed H202 with the liberation of a gas (2) . In 1907 it was observed that certain anaerobic bacteria contain no detectable catalase, whereas all the aerobes examined exhibited significant catalatic activity (3) . This led to proposals that oxygen toxicity was occasioned by its reduction product, hydrogen peroxide (4, 5) . Proceeding from this assumption investigators reasoned (4) that: (a) H202 should accumulate in aerobic cultures of anaerobes, as a result either of bacterial metabolism or of the action of light on the medium, (b) anaerobes should be sensitive to externally added hydrogen peroxide and, (c) anaerobes should grow aerobically when catalase is present in the medium. Technical limitations at the time prevented detection of the low but toxic concentrations of H202 that anaerobes produce. It was, however, subsequently shown that nearly all anaerobes do produce H202 (6) . The sensitivity of anaerobes to H202 was readily shown, and a high degree of variation was apparent (4, 7). It could not be shown that the presence of catalase would allow aerobic growth of anaerobes (4, 5) , although one anaerobe grew better at low oxygen tension with catalase present (4). Thus, although catalase aids the survival of some microorganisms in aerobic media, catalase activity does not provide a sufficient answer. Many organisms capable of aerobic growth do not contain catalase, e.g., the streptococci, pneumococci, and lactic acid bacteria. More recently, Agromyces ramnosus, the predominant soil organism, was found to lack catalase, despite its aerobic metabolism (8, 9) . Further, some strict anaerobes have catalase activity, yet cannot tolerate exposure to air (10) .
The recent discovery and characterization of superoxide dismutase (11, 12) raised the question of its physiological role. The substrate, a reactive and potentially detrimental free-radical form of oxygen, had long been implicated as an intermediate in the reduction of 02 by a family of metalloflavoenzymes (13) (14) (15) (16) (17) . Evidence that the superoxide radical is released into free solution from the enzyme surface was not obtained until 1968 (11) , but was then quickly confirmed for the xanthine oxidase system by the detection of its electron paramagnetic resonance signal (18 The eight organisms in this category (Table 1) , chosen at random, represent a broad spectrum of organisms, some Gram-positive, some Gram-negative, one yeast. All of these organisms contain both catalase and superoxide dismutase. The catalase activity of these organisms ranged from 0.7 unit/mg (R. japonicum) to 289 units/mg (M. radiodurans), a 400-fold variation. The activity of superoxide dismutase of these organisms ranged from 1.4 units/mg (S. typhimurium) to 7.0 units/mg (M. radiodurans), only a 5-fold variation. oxygen and to produce hydrogen peroxide, the data show that none of these organisms contains a significant amount of catalase activity. With only one exception, though, all aerotolerant anaerobes contained superoxide dismutase activity, at levels averaging 30% of that shown by the aerobes. The ability of these organisms to survive without catalase probably depends upon their low rate of production of H202 and upon the relative chemical stability of this compound that enables it to diffuse from these cells without causing damage. An accumulation of H202 in the medium surrounding these cells would be prevented by the catalatic action of substances in the medium or, in a mixed culture, by the catalatic action of other species of cells containing catalase. This explanation has already been proposed (9) . The single aerotolerant organism that contained no superoxide dismutase was Lactobacillus plantarum. Importantly, no consumption of oxygen by L. plantarum could be detected. The cells studied were grown under aerobic conditions and harvested during log phase. They were resuspended in fresh growth medium and oxygen consumption was measured using a Clark electrode with a Gilson Oxygraph. Under identical conditions, oxygen consumption by a known consumer such as S. cerevisiae was easily measurable. If the rate of consumption by L. plantarum had been as much as 5% that of S. cerevisiae, it would have been detected.
The presence of superoxide dismutase in the aerotolerant anaerobes and its absence among the strict anaerobes suggests that the normal physiological function of this enzyme is, indeed, the dismutation of superoxide radicals. It appears possible that this activity may be the single most important enzymic activity for enabling organisms to survive in the presence of molecular oxygen. Presumably, the great chemical reactivity of superoxide anion precludes the possibility of depending upon diffusion from the cell as a means of disposal of this radical and necessitates the presence, within the cell, of superoxide dismutase. Admittedly, were an organism obligately anaerobic for some other reason, there would be no reason for it to continue to carry the genetic burden of the genes for catalase and superoxide dismutase and this correlation might have some other, as yet unsuspected, explanation.
An organism without superoxide dismutase could survive in an oxygen environment if it does not produce quantities of the superoxide radical sufficient to jeopardize its survival. L. plantarum appears to be such as organism. Even an oxygen-metabolizing organism need not possess the enzyme, providing the direct products of its limited oxygen-metabolizing pathways be hydrogen peroxide and water rather than the superoxide radical.
The ubiquity of superoxide dismutase among all aerobic organisms and its uniform distribution among the various tissues of mammals implies that the superoxide free radical is a commonly occurring but quite undesirable physiological species. Relatively few biological reactions have been shown to produce the radical in vivo. The first enzyme shown to release the radical into free solution was milk xanthine oxidase (11, 18) , a metalloflavoprotein containing nonheme iron. Two other nonheme-iron flavoenzymes, rabbit liver aldehyde oxidase and dihydroorotate dehydrogenase from Zymobacterium oroticum (17) , also produce the radical. oxide dismutase.) Of a variety of flavoprotein oxidases and dehydrogenases, several were shown to produce superoxide to very limited extents (24) . Clostridial ferredoxin, a nonheme-iron protein, was shown to produce the radical upon air oxidation of. its reduced form (25) . Pig kidney diamine oxidase, a copper-containing enzyme, has recently been shown to produce the superoxide radical (26) . The autoxidation of hemoglobin and myoglobin and all similar one-electron transfers to oxygen are processes that almost certainly produce 2- (27) (28) (29) , and a variety of low molecular weight electron carriers such as reduced flavins and hydroquinones likewise produce the radical upon autoxidation (30) . Since improved methods now exist for the detection of the superoxide radical, we expect that additional biological sources of 2-will be discovered in the near future.
Superoxide dismutase activity appears to be a concomitant and perhaps necessary condition for the survival of oxygenmetabolizing organisms. Other factors in addition to the lack of superoxide dismutase might render an organism unable to survive in the presence of oxygen, e.g., enzymes that are autoxidized and thereby inactivated by molecular oxygen. Conceivably, membranes containing easily autoxidizable unsaturated lipids could be rendered nonfunctional by contact with molecular oxygen. However, the data presented herein strongly suggest that superoxide dismutase is a factor of primary importance in enabling organisms to survive the challenge presented by the reactive intermediate species resulting from the univalent reduction of molecular oxygen. Further study of this process may lead to a greater understanding of the mechanisms of oxygen toxicity. 
